We use polarized inelastic neutron scattering to study low-energy spin excitations and their spatial anisotropy in electron-overdoped superconducting BaFe1.85Ni0.15As2 (Tc = 14 K). In the normal state, the imaginary part of the dynamic susceptibility, χ ′′ (Q, ω), at the antiferromagnetic (AF) wave vector Q = (0.5, 0.5, 1) increases linearly with energy for E ≤ 13 meV. Upon entering the superconducting state, a spin gap opens below E ≈ 3 meV and a broad neutron spin resonance appears at E ≈ 7 meV. Our careful neutron polarization analysis reveals that χ ′′ (Q, ω) is isotropic for the in-plane and out-of-plane components in both the normal and superconducting states. A comparison of these results with those of undoped BaFe2As2 and optimally electron-doped BaFe1.9Ni0.1As2 (Tc = 20 K) suggests that the spin anisotropy observed in BaFe1.9Ni0.1As2 is likely due to its proximity to the undoped BaFe2As2. Therefore, the neutron spin resonance is isotropic in the overdoped regime, consistent with a singlet to triplet excitation.
I. INTRODUCTION
Understanding the role of spin excitations in the superconductivity of iron arsenides 1-3 is important for developing a microscopic theory of superconductivity in these materials [4] [5] [6] [7] [8] . Like copper oxide superconductors, superconductivity in iron pnictides arises when electrons or holes are doped into their antiferromagnetically-ordered parent compounds 9 . For electron-doped BaFe 2−x T x As 2 (T =Co, Ni) 3 , the antiferromagnetic (AF) and superconducting phase diagrams as a function of Co(Ni)-doping have been determined by neutron scattering experiments ( Fig. 1(a) ) 10, 11 . Near the optimally electron-doped superconductor BaFe 2−x Ni x As 2 at x = 0.1 (T c = 20 K), the static AF order is suppressed 12 . However, short-range spin excitations persist and couple directly to superconductivity via a collective magnetic excitation termed the neutron spin resonance [12] [13] [14] [15] [16] [17] . As a function of Ni-doping, the energy of the resonance is associated with both the superconducting electronic gap ∆ and k B T c , thus indicating its direct connection with superconductivity 18 . Although the resonance appears to be a common feature amongst different classes of unconventional superconductors including high-T c copper oxides [19] [20] [21] [22] [23] , heavy Fermions 24, 25 , and iron-based materials [12] [13] [14] [15] [16] [17] [26] [27] [28] , much remains unknown about its microscopic origin. Assuming that the resonance is a spin-1 singlet-to-triplet excitation of the Cooper pairs 29 , it should be possible to split it into three peaks under the influence of a magnetic field via the Zeeman effect by an amount ∆E = ±gµ B B, where g = 2 is the Lande factor and B is the magnitude of the field [30] [31] [32] [33] . Although there have been attempts to split the resonance for copper oxide 30 and iron-based superconductors 31, 32 in this way, the results are inconclusive and it has not been possible determine if the mode is indeed a singlet-to-triplet excitation. In a very recent neutron experiment performed on the heavy Fermion superconductor CeCoIn 5 , the resonance was shown to be a doublet excitation 33 , thus casting doubt on its direct connection with superconducting Cooper pairs 34 .
Alternatively, one can use neutron polarization analysis to determine the nature of the resonance and the effect of superconductivity on spin excitations. If the resonance is an isotropic triplet excitation of the singlet superconducting ground state, one expects that the degenerate triplet would be isotropic in space. Utilising neutron polarization analysis, one can conclusively separate the magnetic signal from lattice scattering and determine the spatial anisotropy of the magnetic excitations 35 . For the optimally hole-doped copper oxide superconductor YBa 2 Cu 3 O 6.9
19-22 , recent polarized neutron scattering experiments reveal that while the resonance at E = 41 meV is isotropic in space, magnetic excitations below the resonance (10 ≤ E ≤ 30 meV) exhibit large anisotropy with the excitations polarized along the caxis being suppressed 36 . These results suggest that while the resonance itself is consistent with a spin-1 singletto-triplet excitation, the emergence of low-energy spin anisotropy may arise from the spin-orbit coupling due to the Dzyaloshinskii-Moriya interactions between the copper spins 37 . In the case of iron-based superconductors, the situation is more complicated. For optimally electron-doped BaFe 1.9 Ni 0.1 As 2 , polarized neutron scattering experiments indicate that while the magnetic scattering is essentially isotropic in the normal state, a large spin anisotropy develops below T c . Excitations polarized along the c-axis are larger than those in the plane for energies 2 ≤ E ≤ 6 meV, i.e. below the weakly anisotropic resonance 38 . On the other hand, similar measurements on superconducting FeSe 0.5 Te 0.5 reveal an anisotropic resonance with the in-plane component slightly larger than the out-of-plane component 39 . However, the spin excitations are isotropic for energies below and above the resonance 39 . Finally, recent neutron polarization analysis of spin waves in the undoped AF BaFe 2 As 2 40 indicate that the magnetic single-ion anisotropy induced spin-wave gaps 41, 42 are strongly anisotropic, with the inplane component of the spin-wave gap much larger than that of the c-axis component. Therefore, it costs more energy to rotate a spin within the orthorhombic a-b plane than rotating it perpendicular to the FeAs layers in the AF ordered state of BaFe 2 As 2 40 . Given the current confusing experimental situation on the anisotropy of spin excitations in undoped and optimally electron-doped BaFe 2−x Ni x As 2 38,40 , it would be interesting to carry out similar polarized neutron scattering measurements for electron overdoped BaFe 2−x Ni x As 2 . From the electronic phase diagram of BaFe 2−x Ni x As 2 in Fig. 1(a) 11 , we see that samples in the overdoped regime are far from the AF and superconductivity co-existence region, and thus avoid possible influence of the local magnetic anisotropy present in undoped BaFe 2 As 2 40 . For our neutron experiments, we prepared over-doped BaFe 1.85 Ni 0.15 As 2 with T c = 14 K ( Fig. 1(a) ). In this article, we describe polarized neutron scattering studies of energy and momentum dependence of the magnetic excitations in BaFe 1.85 Ni 0.15 As 2 below and above T c . We find that the spin excitations at or near the resonance energy are spatially isotropic. By comparing these results with previous work on undoped BaFe 2 As 2 and optimally doped BaFe 1.9 Ni 0.1 As 2 38,40 , we conclude that the strong in-plane single-ion anisotropy in antiferromagnetically-ordered orthorhombic BaFe 2 As 2 extends to the paramagnetic tetragonal BaFe 1.9 Ni 0.1 As 2 , giving rise to the large out-of-plane component of the low-energy spin excitations for the superconducting BaFe 1.9 Ni 0.1 As 2 . Therefore, the resonance in optimally and overdoped BaFe 2−x Ni x As 2 (x = 0.1, 0.15) is mostly isotropic in space, consistent with the singlet-to-triplet excitation scenario.
II. EXPERIMENTAL DETAILS
We grew large single crystals of the overdoped iron arsenide superconductor BaFe 1.85 Ni 0.15 As 2 using a self-flux method 43 . BaFe 1.85 Ni 0.15 As 2 has a T c of 14 K, and is far away from the AF phase of the undoped BaFe 2 As 2 ( Fig.1(a) ). As a function of increasing Ni-doping x, the low-temperature crystal structure of BaFe 2−x Ni x As 2 changes from orthorhombic to tetragonal with a = b for x ≥ 0.1 11, 12 . For this experiment, we coaligned ∼ 15 g single crystals of BaFe 1.85 Ni 0.15 As 2 in the (H, H, L) scattering plane (with mosaicity 3
• at full width half maximum) with a tetragonal unit cell for which a = b = 3.96 A, and c = 12.77Å. In this notation, the vector Q in three-dimensional reciprocal space inÅ −1 is defined as Q = Ha * + Kb * + Lc * , where H, K, and L are Miller indices and a * =â2π/a, b * =b2π/b, c * =ĉ2π/c are reciprocal lattice vectors.
We carried out polarized inelastic neutron scattering experiments at the IN20 triple-axis spectrometer at the Institut Laue-Langevin in Grenoble, France. We used the Cryopad capability of the IN20 spectrometer in order to ensure that the sample was in a strictly zero magnetic field environment. This avoids errors due to flux inclusion and field expulsion in the superconducting phase of the sample. Polarized neutrons were produced using a focusing Heusler monochromator and analyzed using a focusing Heusler analyzer with a fixed final wave vector at k f = 2.662Å −1 . To facilitate easy comparison with previous polarized neutron scattering results 38 , we define neutron polarization directions as x, y, z, with x parallel to Q and y and z both perpendicular to Q as shown in Fig. 1(b) . Since neutron scattering is only sensitive to those magnetic scattering components perpendicular to the momentum transfer Q, magnetic responses within the y − z plane (M y and M z ) can be measured. At a spe- In a real experiment, neutron polarization is not 100% and there are also neutron spin independent backgrounds (nuclear-spin incoherent scattering and general instrumental background). Since neutron SF and NSF scattering processes have identical instrumental setups and only the spin directions of the incident neutrons are changed, we assume constant backgrounds of B 1 , B 2 , B 3 for neutron polarizations in the x, y, and z directions, respectively. We have measured the neutron flipping ratios R for all three neutron polarizations, and found them to be independent of neutron polarization directions within the errors of our measurements. By considering finite flipping ratio and assume that instrumental backgrounds for different neutron polarizations are slightly different, we have
where the flipping ratio R is measured by the leakage of NSF nuclear Bragg peaks into the magnetic SF channel R = σ where c = (R − 1)/(R + 1), and B 1 , B 2 are constant backgrounds. By measuring all six NSF and SF neutron scattering cross sections, we can unambiguously determine M y and M z . To estimate the in-plane and out-of-plane components of the magnetic scattering M 110 and M 001 , we note that M 110 = M 110 ≡ M z due to the tetragonal symmetry of the system. Therefore, M 001 can be calculated using M y = M 110 sin 2 θ + M 001 cos 2 θ. This allows a complete determination of the temperature and energy dependence of M 110 and M 001 .
III. RESULTS
In previous polarized neutron scattering experiments performed on optimally doped BaFe 1.9 Ni 0.1 As 2 38 , the inplane (M 110 ) and out-of-plane (M 001 ) magnetic fluctuations are gapless and approximately isotropic in the normal state above T c . Upon entering the superconducting state, the M 110 spectra re-arrange with a spin gap below E = 2 meV and a resonance peak near E = 7 meV. On the other hand, the M 001 spectra peak near E = 4 meV and have a smaller spin gap (Fig. 3 35 . In a previous unpolarized neutron scattering experiment performed on BaFe 1.85 Ni 0.15 As 2 , a neutron spin resonance was observed near E = 6 meV in the superconducting state, found by taking a temperature difference between constant-Q scans at (0.5, 0.5, 1) r.l.u. 16 . Before determining the possible magnetic anisotropy from neutron polarization analysis, we note from Eq. (2) that σ . One can then calculate the imaginary part of the dynamic susceptibility
, where S(Q, ω) = M 110 or M 001 , and E = ω. (Fig. 4(f) ). At low temperatures (T = 2 K, a spin gap is present below E ≈ 3 meV and a broad resonance is apparent near E ≈ 7 meV. χ (Fig. 5(a) ), the NSF scattering σ NSF x (Fig. 5(b) ) is featureless near Q = (0.5, 0.5, 1). This suggests that the resonance peak above the background in Fig. 5(a) is entirely magnetic in origin. If the resonance is purely isotropic paramagnetic scattering, one would expect σ To determine whether the spin excitations at the resonance energy exhibit any c-axis modulation in intensity, we carried out constant-energy scans along (0.5, 0.5, L) in the superconducting state at E = 7 meV. As one can see in Fig. 6 , the magnetic scattering intensity decreases smoothly with increasing L, consistent with the expected magnetic intensity reduction due to the Fe 2+ form factor (solid line). There is no evidence for a L-axis modulation of the magnetic scattering.
Finally, to see whether the isotropic magnetic scattering near the AF wave vector Q = (0.5, 0.5, 1) is independent of the c-axis momentum transfer, we carried out σ SF α and σ NSF α constant-Q scans in the superconducting state at Q = (0.5, 0.5, 2) (Fig. 7) . Similar to the data in Fig. 2 , the SF scattering σ SF x is larger than σ SF y and σ SF z (Fig. 7(a) ), while the NSF scattering σ 
IV. DISCUSSION AND CONCLUSIONS
In previous polarized neutron scattering experiments on optimally electron-doped BaFe 1.9 Ni 0.15 As 2 , χ ′′ 110 (Q, ω) and χ ′′ 001 (Q, ω) at Q = (0.5, 0.5, 1) were found to have peaks near E = 7 and 4 meV, respectively, in the superconducting state 38 . These results were interpreted as being due to the presence of spin-orbital/lattice coupling 38 . In a recent polarized neutron scattering work on the AF parent compound BaFe 2 As 2 , it was found that in-plane polarized magnons exhibit a larger single iron anisotropy gap than the out-of-plane polarized ones 40 . This means that χ ′′ 110 (Q, ω) has a larger gap than χ ′′ 001 (Q, ω) at Q = (0.5, 0.5, 1) in the AF ordered state, where the Fe moments are locked to the a-axis of the orthorhombic structure [44] [45] [46] [along the [110] direction in our tetragonal notation].
From the electronic phase diagram of BaFe 2−x Ni x As 2 in Fig. 1(a) , we see that although the optimally electrondoped BaFe 1.9 Ni 0.1 As 2 has tetragonal structure with no static AF order 12 , it is very close to that region of the phase diagram where incommensurate static AF order coexists with superconductivity 11 . This suggests that the observed anisotropy between the in-plane (χ ′′ 110 (Q, ω)) and out-of-plane (χ ′′ 001 (Q, ω)) dynamic susceptibility in tetragonal superconducting BaFe 1.9 Ni 0.1 As 2 38 may have the same microscopic origin as the spin wave anisotropy gaps in the AF orthorhombic BaFe 2 As 2 40 . If this is indeed the case, the resonance is only weakly anisotropic near optimal superconductivity, and becomes isotropic in the electron over-doped BaFe 1.9 Ni 0.15 As 2 . Therefore, these results suggest that the resonance in electron over-doped BaFe 2−x Ni x As 2 is mostly consistent with the singlet-triplet excitations of electron Cooper pairs. The observed spin excitation anisotropy in optimally doped BaFe 2−x Ni x As 2 is likely due to single iron anisotropy of spin waves in the parent compound, and suggests that such anisotropy is present even for samples with tetragonal structure. Thus, the strong spin-orbital-lattice coupling in electron-doped BaFe 1.9 Ni 0.1 As 2 is important for samples up to optimal superconductivity, and becomes less important for the overdoped regime.
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